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Introduction
Gene therapy offers an opportunity to translate advances in molecular medicine for the direct benefit of the patient. At this point in the development of genetic therapies, significant emphasis remains on the development of safe and efficient gene delivery systems.
1,2 Using current techniques, the proportion of cells bearing the transferred gene is generally less than 5% of total cells present in patient material obtained after gene transfer. 3 Thus, sensitive and specific detection methods are required for monitoring gene marked cells in vivo. There are several limitations to the current methods used to detect target genes. For example, PCR [4] [5] [6] does not permit reliable identification of the transferred gene in specific cells or quantification of transfer efficacy and Southern analysis is insufficiently sensitive to detect single copy genes in small cell populations. Fluorescence in situ hybridization (FISH) has been used to assess gene transfer 7 but in most gene therapy applications, the target size is usually less than 10 kb making the procedure technically difficult, as well as creating the requirement for sophisticated equipment for analysis and interpretation. Bi-cistronic constructs incorporating a marker gene, such as B-galactosidase 8 or green fluorescent protein 9 may be used for the detection of gene-modified cells, but the presence of an additional exogenous gene may affect expression of the therapeutic gene 10 or elicit a host immune response. 11 In addition, marker genes may induce changes in the expression of endogenous genes which may alter a wide variety of cellular functions.
12
In situ PCR (ISPCR) permits the intracellular detection of PCR products and has the potential to document the proportion of cells modified by gene transfer. This technique has been used extensively for viral detection, [13] [14] [15] as well as to detect low abundance mRNA 16 and single copy DNA sequences in situ. 17 A number of technical difficulties have been encountered using this method however, the most important being generation of false positive results and leakage of PCR product from target cells. [18] [19] [20] [21] We report the development of a simple and reliable PCR in situ approach which overcomes many of these limitations. Application of this procedure in a clinical trial of stem cell marking using a neo r construct demonstrated its utility by identifying gene marked hematopoietic cells. This method has the potential to be applied in a number of gene therapy settings in which the evaluation of single copy sequences in individual cells is required, and may complement existing technologies.
Results
A Jurkat cell line with and without a stable neo r integrant was used to develop the method. 22, 23 Neo r positive and negative cells were mixed in equal proportion and slides were prepared by dropping cell suspensions pretreated by exposure to hypotonic buffer and fixed in methanolacetic acid on to glass slides. Several neo r specific primer pairs were evaluated by solution phase PCR and the pair with the most efficient amplification was selected. The PCR product generated was 432 bp. Initially, a protocol involving a single PCR reaction with direct incorporation of fluorescein-dUTP into the PCR reaction product was used. Following a 'hot start' procedure to reduce mispriming, 20 the slides were subjected to 40 PCR cycles. Thereafter they were washed once for 10 min in 2 × SSC at 55°C and visualized using fluorescence microscopy. Nonspecific PCR product was detected in the majority of cells and extensive extracellular leakage was observed. In subsequent experiments, the amount of fluorescein-dUTP in the reaction mixture was decreased, the number of PCR cycles was reduced and the stringency of the posthybridization wash increased but nonspecific product formation and extracellular leakage persisted.
To address these problems, a two-step approach was used involving an initial PCR reaction with unlabeled primers and subsequent detection by in situ hybridization using two nonoverlapping, fluorescein labeled probes spanning the amplicon. Experiments using 40 amplification cycles showed PCR product in the expected percentage of neo r -positive cells, but extensive extracellular leakage remained a problem. This was markedly reduced by a decrease in the number of PCR cycles from 40 to 15. An initial post-hybridization wash stringency of 2 × SSC at 55°C was used but considerable background was observed. This was eliminated by increasing the posthybridization wash temperature to 62°C (Figure 1a) . Negative controls included pretreatment of slides with DNase as well as use of the reaction mixture without Taq polymerase or without primers. No positive cells were observed (Figure 1b) . RNase pretreatment had no effect on the results obtained.
As an additional control and to evaluate sensitivity, specificity and the correlation coefficient of this method, mixing experiments were performed. Provirus-positive Jurkatt cells were diluted with negative cells in varying proportion (0-100%), subjected to ISPCR as outlined above and scored in a blinded fashion. The experimental data is shown in Table 1 . The calculated sensitivity and specificity was 96 and 93.7%, respectively. The Pearson correlation coefficient comparing actual with observed score was 0.996. A graph derived from this data is shown in Figure 2 .
This method was subsequently utilized to assess the proportion of gene-modified hematopoietic cells in b a samples from individuals enrolled in a clinical trial of stem cell gene marking who were undergoing autologous bone marrow transplantation for chemotherapy resistant multiple myeloma. 24 Post-infusion blood and marrow samples as well as PHA/IL2 and EBV-stimulated lymphoid cultures were evaluated. Neo r -positive cells were consistently detected in both peripheral blood and bone marrow samples. There were no ambiguous cells, background or evidence of extracellular leakage. 25, 26 Discussion DNA ISPCR offers a means to detect single copy sequences in individual cells. There are two approaches in current use. The direct method involves a single in situ PCR reaction using labeled nucleotides, while the indirect protocol consists of an initial PCR reaction without labeled nucleotides, followed by in situ hybridization using labeled probes to the PCR products generated. A number of technical problems have been encountered using this technique, the most significant being the generation of false positive results. [18] [19] [20] [21] This has been more commonly associated with the direct method due to the formation of nonspecific PCR products from mispriming or products generated from nonspecific extension of single strand DNA nicks (end-labeling artifact). 18 This creates the requirement for multiple, stringent controls and additional validation of results particularly when using the direct method. We have attempted both approaches using multiple controls and shown the indirect method to be more reliable. This reduces the problem of false positive results by allowing visualization of only specific amplicons in contrast to those generated by mispriming or end-labeling. In the direct approach, all PCR products are detected due to direct incorporation of labeled nucleotides.
Another significant obstacle has been leakage of PCR product from target cells. 18, 19, 21 In some studies, false positive results have occurred as a result of diffusion of amplicons into nontarget cells. 26 In our experiments, this problem was dramatically reduced by decreasing the number of PCR cycles from 40 to15. No product was visualized when the number of cycles was reduced to 10. It is likely that 15 cycles generate sufficient product for detection by in situ hybridization, but not enough to promote extracellular diffusion. In addition, there is also a reduction in the time available for product leakage. Primers generating a product towards the upper limit of the optimum size range for ISPCR 27 were used to reduce extracellular diffusion further. We did not find it necessary to use other strategies to obviate this problem, such as the use of multiple primer sets, extra-long products, overlapping primers, post-PCR fixation with paraformaldehyde or biotinylated primers. 28, 29 A post-hybridization wash of 62°C was used. This is higher than in published protocols but was found to eliminate background without significantly decreasing detectable product.
We confirmed our results by performing mixing experiments using identical cell lines which were either provirus (neo r ) positive or negative and compared observed with actual percentages (Figure 2) . The calculated sensitivity, specificity and correlation coefficients for these experiments were extremely high providing unequivocal validation of the ISPCR approach for differ- 96  96  100  1  2  6  300  100  100  100  100  5  17  52  300  100  94  1405  1500  5  7  35  500  100  91  272  300  5  8  40  500  100  97  291  300  5  6  29  500  100  97  389  400  5  12  59  500  100  98  293  300  5  6  24  400  100  97  386  400 Known provirus positive and negative cells were mixed in varying proportions and subjected to ISPCR followed by blinded scoring. entiating transduced and nontransduced cells, particularly in the 1-5% range. Two recent studies have used DNA in situ PCR to evaluate gene transfer efficiency, both using the direct method. In one of these, 30 a true negative control was not achieved and the final results were obtained by subtraction of the number of postive cells in the 'negative control' from the number observed in the positive samples. In the other, 31 a single positive and negative control was used but the results were not confirmed by any other method.
In addition to the stem cell marking trial, 24 we are currently using this approach in several specific gene therapy settings to detect constructs containing MDR1, ␣-iduronidase, glucocerebrosidase and adenosine deaminase genes. In further ongoing studies, we are evaluating the applicability of this approach for assessing gene transfer in tissue sections which will probably be important in the development of gene therapy for solid tissues.
In summary, we have developed a simple, reliable and accurate PCR in situ method for the assessment of gene transfer efficacy. In principle, this approach can be used for any gene delivered in the course of genetic therapy for which sequence information is available, obviating the need to add an exogenous marker gene to the transferred construct. In addition, it addresses many of the limitations of currently employed technology for target gene detection and could become the method of choice for this assessment.
Materials and methods

Samples for initial experiments and mixing experiments
Jurkat cells with and without stable neo r integrant kindly provided by Patrick Hwu, 22, 23 were mixed in equal proportion and slides prepared as described below for the initial experiments to develop the method. Subsequently, mixing experiments were performed with known proportions of neo r -positive and neo r -negative Jurkatt cells. Several mixing experiments were performed with percentages ranging from 0-100% (see Figure 2) . The results were analyzed using standard methods for the calculation of sensitivity, specificity and coefficient of correlation. 32 
Clinical samples
Patients from the ongoing multiple myeloma gene marking trial received cells transduced with a G1Na supernatant (GTI, Gaithersburg, MD, USA) containing the neo r marker. At various post-infusion time-points, patient blood and bone marrow samples were obtained and assayed for the presence of the transferred gene. Peripheral blood and bone marrow samples Peripheral blood and bone marrow (0.5 ml) was added to 14 ml of hypotonic KCl (0.075 m) followed by incubation at 37°C for 20 min. Thereafter, the samples were centrifuged at 400 g for 10 min, the supernatant was removed and 3 ml of Carnoy's fixative (3:1 methanol:acetic acid) was added. The fixation step was repeated three times.
T cell and B cell samples T cell and B cell cultures were established from peripheral blood samples in which mononuclear cells were separated on a Ficoll gradient. T cells were subsequently cultured after selection with PHA and IL-2, whereas B cells were cultured using EBV. 33 Both B and T cell cultures were harvested using the same method described for blood and bone marrow samples.
Slide preparation
Fresh slides were made from bone marrow, peripheral blood, T cell, B cell and various cell line samples by dropping 20 l of cell suspension containing 2 × 10 6 cells with a transfer pipette on to precleaned slides. These were air dried and subsequently dehydrated in a 70%, 85% and 95% ethanol series at room temperature. Slides were incubated with RNase (20 mg/ml) for 1 h at 37°C before use.
PCR amplification PCR reagents were obtained from the Perkin Elmer in situ PCR core kit (N808-0197) and all in situ PCR reactions and subsequent in situ hybridizations were performed using the GeneAmp 1000 system (Perkin Elmer Applied Biosystems Division, Foster City, CA, USA). The neo r primers used were: forward 5Ј GTG GAG AGG CTA TTC GGC CTA TGA and reverse 5Ј GTC CAG ATC ATC CTG ATCGAC AAG. The primer annealing temperatures (61.4 and 59.5°C) were calculated using vector NTI 4.0 deluxe (Scientific and Educational Software, Gaithersburg, MD, USA). A 50 l master mix reaction was prepared using 10 mm Tris HCl (pH 8.3), 50 mm KCl, 4.5 mm MgCl 2 , 0.4 mm dATP, 0.4 mm dCTP, 0.4 mm dGTP, 0.6 mm dUTP, 8 ng neo r primer 1, 8 ng neo r primer 2, 0.1% BSA, and 10 units of Taq DNA polymerase. The reaction mixture was heated to 70°C before the addition of Taq and subsequently placed on a slide preheated on the GeneAmp 1000 in situ PCR system assembly tool. The reaction mixture was sealed in contact with the target cells using AmpliCover discs and clips. The slide was subsequently placed in a Perkin-Elmer GeneAmp 1000 in situ PCR thermal cycler and subjected to between 15 and 40 PCR cycles (94°C for 1 min for denaturation, 61°C for 1 min for annealing, and 72°C for 1 min for extension) followed by a 10 min hold at 72°C. Following PCR amplification, the slides were washed for 5 min in 2 × SSC (pH 7.0) at room temperature.
Controls
One hundred per cent positive control cells were pretreated with RNAse (20 mg/ml) for 1 h at 37°C before PCR and in situ hybridization. No reduction in signal was observed. Similar slides were pretreated with DNAse I (1 mg/ml) for 30 min at 37°C followed by the addition of 0.5 m EDTA to stop the reaction. This resulted in the complete absence of positive signal.
Probes
Two fragments specific for adjacent areas of the neo r gene were isolated from 10 g of a neo r -containing plasmid (kindly provided by Gary McGarrity, Gene Therapy Inc, Gaithersburg, MD, USA), cut in a triple digest with EcoRI, PstI and SphI. The EcoRl-Pst digest provided a 235 bp fragment near the N-terminus, whereas the PstI/SphI digest yielded a 352 bp fragment within the mid-section of the gene. The two fragments separated on a 3% low melting point gel, purified and resuspended in 10 mm Tris HCI (pH 8.0). Both fragments were labeled by random primers using the Fluor-it Fluorescence Labeling Kit (Stratagene, La Jolla, CA, USA; 300 383). DNA from each fragment was labeled by adding random primers, denaturing the sample at 95°C for 5 min followed by the addition of Klenow (exo−) and reaction buffer containing fluorescein-dUTP. The reaction mixture was incubated at 37°C for 25 min followed by the addition of a stop reagent before resuspension in water. The final probe concentration was 0.2 ng/ml.
In situ hybridization
Following the PCR amplification and a post-amplification wash, 50 l of labeled probe was denatured for 5 min at 95°C, placed on the slide and sealed using AmpliCover discs and clips. The GeneAmp in situ PCR thermal cycler was used for denaturation (5 min at 94°C) and hybridization (16 h at 37°C). After hybridization, the slides were washed for 10 min in a 2 × SSC (pH 7.0) solution at 62°C, followed by a 5 min wash in 1 × PN (pH 8.0) at room temperature. Thereafter, the cells were counterstained using 10 l of 0.6 g/ml propidium iodide and coverslipped.
Visualization and scoring
Cells were visualized using a triple band pass filter on a Zeiss Axioscope fluorescence microscope (Carl Zeiss, North York, Ontario, Canada). The nuclei of negative cells stained red and positive cells appeared yellowgreen. Three hundred cells were counted in at least four different regions of the slide. Only nonoverlapping cells that had good morphology and uniform staining were scored.
Images
Images were collected using a CCD camera and the INSIGHT-IQ Image Processing and Quantitation Computer System (Meridian Instruments, Okemos, MI, USA). Composites were made using Adobe Photoshop 3.0 and Power Point 4.0 on a Macintosh computer.
Note added in proof
During the preparation of this manuscript, the method described was used on a series of clinical samples without RNase pretreatment. A false positive error rate of 4% was obtained which indicates the importance of this step.
